Abstract-We present the design of an insect-sized jumping microrobot measuring 17mm×6mm×14mm and weighing 75 milligrams. The microrobot consumes 6.4mW of power to jump up by 8mm in height. The tethered version of the robot can jump 6 times per minute each time landing perfectly on its feet. The untethered version of the robot is powered using onboard photovoltaic cells illuminated by an external infrared laser source. It is, to the best of our knowledge, the lightest untethered jumping microrobot with onboard power source that has been reported yet.
I. INTRODUCTION
Milligram-scale microrobots (or, µbots) can utilize a variety of locomotion strategies to navigate around the world, including crawling, rolling, walking, jumping and flying. Crawlers are less robust to the ever changing environment compared to rollers and walkers, followed by jumpers [1] , with flyers being the most robust among these. Robustness generally increases the less the bot interacts with the environment especially with its multitude of surfaces. Jumpers and flyers minimize this interaction by jumping/flying over the obstacles and to their next destination.
Locomotion energetics generally follows an inverse trend from above with flight, and especially hovering, being the most demanding [2] . It is then no surprise that only two flying µbots have been reported yet that can lift-off without tethers [3] , [4] . Jumping, even though less demanding than flight, is energetically more demanding than walking and poses its own challenges.
Untethered jumping has been demonstrated before using mechanical and chemical approaches. [5] reports an 8mg spring-mass device that can jump up by 32cm by rapidly releasing mechanical energy stored in a spring, but the device needs to be loaded and released manually and has no actuators. [6] reports a 300mg bot that can jump up by 8cm using explosive chemical energy, but the capacitors in the igniting circuit needs to be charged manually for each jump. Another 34mg jumper reported in [7] jumps up by 30cm but it requires a controlled environment, namely a hot plate, to transfer energy to its SMA actuators in order to jump. Apart from the needed manual intervention and/or a controlled environment, the downside is that all these bots can jump only once. Note that even if the chemical jumper had multiple independent chemical packets to release the explosive energy multiple times, the jumps won't be repeatable indefinitely with onboard fuel sources being consumed up after some time.
This work is inspired from the silicon jumping µbots reported in [8] which being electrically powered can in principle jump indefinitely as long as they have power (say, using solar cells). These weight around 43mg, are monolithic, and can jump up by a millimeter while being driven by an external power supply. The electrostatic actuators used though demand 100V to operate. The lack of good voltage step-up µ-circuits, along with the need to use complex control signals to control their multiple actuators in sync, has prevented their tetherless operation as of now.
We go the electrically-powered route as well and use electromagnetic (EM) actuation due to their ease in fabrication and low-voltage operation. EM actuators have been used before in µbots [9] - [11] , but not for the jumping ones. We choose our coil impedance in order to power it directly using 1mg photovoltaic (PV) cells eliminating the need for any voltage conversion circuitry. In order to simplify fabrication and control, we make our design operate using a single actuator by making other functions occur passively.
II. DESIGN

A. Underlying Principle
The principle behind is a spring that stores potential energy by getting pulled by the onboard motors (see Fig.  2 ). Rapidly releasing the spring releases the stored energy which then causes the µbot to jump up to a certain height. Neglecting air resistance and using energy conservation we have 1 2 k∆l 2 = mgh, where m is the net mass of the µbot, ∆l is the maximum spring deflection, and h is the jump height measured from the maximum deflected state. As a reference, a 1cm jump of a 100mg µbot should require ≈ 10µJ of spring energy. 
B. Spring design
The planar spring design shown in Fig. 3 (a) is laser cut from a 25.4µm-thick Stainless Steel sheet. The individual beam length l and width w are tuned using finite element analysis (FEA) to achieve a desired stiffness k while allowing for the maximum out-of-plane deflection ∆l (that is, keeping maximum strains below the Yield strain). A T-shaped stand is glued perpendicularly to the spring plane, and then two feet are glued on to the stand (see Fig. 3(b) ). Both the stand and the feet are laser cut from a 50µm-thick Aluminum sheet. The spring can be seen in its fully deflected state in Fig. 4 which is computed via FEA simulations. 
C. Spring loading mechanism
The spring is pulled up, or loaded, via a 12.7µm-thick 0.5mm-wide Kapton string attached to the center of the spring. This pull is obtained by winding the string around a clockwise rotating cylindrical shaft as seen in Fig. 5 .
D. Spring release mechanism
We want our jumping µbot to operate using a single motor. That motor will be used to rotate the shaft, so our spring release mechanism should not be controlled by a separate motor but instead happen passively. We use magnets to create our automatic release mechanism (see Fig. 6 (a)). Two anti-parallel magnets placed side by side are attracted by a certain amount of force F . If opposing forces acting on the magnet exceed even a little beyond this attractive force, this leads to an instability and the magnets are released rapidly. The magnets used are Neodymium grade N52 of diameter = 0.3mm and height = 0.5mm, and their release force is measured at F release = 7.5mN (see Fig. 6(b) ).
Again, the spring is loaded by winding the string but this time the string connects to the spring via these magnets. One magnet is glued to the center of the spring in the slot shown in Fig. 3(a) , and another is glued to the end of the string. The opposing forces on the magnets increase with increasing spring deflection and at the correct threshold the magnets snap (see Fig. 7 ). The release force informs our spring stiffness and deflection choice so that it is storing around 10µJ at the time of release. Choosing k = 2.5N/m ⇒ ∆l = 
E. Shaft rotation mechanism
In order to wind the Kapton string to generate the pull, the shaft should be made to rotate in a clockwise direction. However, it is difficult to build a rotary motor at the milligram scale. Hence the approach we take is to convert the motion of an easy-to-build linear oscillatory actuator to a continuous rotation motion. We do so by using ratchets as is also described in [11] in more detail.
1) Micro-ratchet: The inner shaft of the ratchet (shown in Fig. 8 ) is free to rotate relative to the outer ring when it is rotated in a clockwise direction. In this condition, the elastic protrusions emanating from the shaft slide over the zig-zag patterns on the inner perimeter of the ring. These elastic beams are bent by 25µm more (in addition to any pre-deflection) when encountering the peaks in the pattern. When rotated anti-clockwise, the shaft locks relative to the Fig. 8 : Cross-section of a micro-ratchet mechanism made using flexible beams on a shaft and a patterned hole. The peaks in the pattern are 25µm high and are spaced 4
• , or, ≈ 70µm apart.
ring. In this reverse operation, the elastic beams push the falling edge of the pattern head-on, and motion can only be achieved if the beams buckle. This buckling requires orders of magnitude higher torque compared to the simple sliding motion from before and this configuration can be considered as locked for the purposes of this paper. 
60
• spaced flexible beams are obtained by wrapping a laser cut Kapton sheet with tabs on to a Kapton tube. Fig. 9 shows the construction of the inner shaft. 12 tabs are laser-cut on a 12.7µm-thick Kapton sheet. This laser-cut sheet is then rolled on to a 2mm-diameter Kapton tube and glued in place. The rest of the sheet adheres to the curved surface of the tube due to the glue, but the unglued tabs retain their planar shape thus acting as our desired elastic protrusions. Rings with patterned holes are laser cut using 50µm-thick Aluminum. These rings slide into the slots previously cut in each of the tabs as seen in Fig. 10 . The slots prohibit any sideways motion of the rings thus keeping them in place. 2) Double-ratchet: All planar parts in Fig. 11 are laser cut from a 50µm-thick Aluminum sheet. Four rings are used in this mechanism, with rings 1 & 4 supporting the shaft, and rings 2 & 3 acting as ratchets. Rings 1, 2 & 3 are rigidly connected to each other using two rectangular beams, called ring connectors. The two ring connectors can be seen rotated 90
• relative to one another. Two T-shaped connectors connect rings 1 & 4 to the U-shaped base-plate. Two rectangular beams, called coil supports, are glued perpendicularly to the base-plate and then a coil is glued above them. A rectangular magnet limiter, with a narrow 100µm slot in it, is also glued perpendicularly to the base-plate and touching the coil. The magnet is concentric to the coil in its neutral position and is glued to a rectangular magnet guide (see Fig. 11 & Fig.  12(c) ). A long moment arm emanating from ring 3 connects to the magnet guide via a small orthogonal rectangular beam (see Fig. 12(c) ).
Input motion is provided at the moment arm using the magnet-coil actuator, and the shaft acts as the output. When the input is rotated clockwise, ring 3 locks to the shaft and the shaft is free to rotate clockwise relative to ring 2. Thus, the shaft rotates clockwise. When the input is rotated anti-clockwise, ring 3 is free to rotate relative to the shaft but ring 2 locks to the shaft and prohibits it from rotating anti-clockwise. Thus, the shaft remains stationary. Providing periodic clockwise plus anti-clockwise motion at the input (for example, in Fig. 12(a), (b) ) results in the shaft adding adding up all the clockwise motions and neglecting any anticlockwise motions thus resulting in a continuous clockwise rotation motion as desired. The magnet guide passes through the narrow slot in the magnet limiter (see Fig. 12(c), (d) ). This serves two purposes. It ensures that the moment arm and the magnet always move in a plane perpendicular to the shaft and the base-plate. The slot also prohibits the bottom pole face of the magnet from coming out of the coil as seen in Fig. 12(d) .
3) Electromagnetic Actuator: The coil is custom made from a 25µm-thin Copper wire which is array wound n turns = 48 × 8 number of times. It has an inner diameter of 1.9mm, an outer diameter of 2.45mm, and a height of 1.6mm, with resistance ≈ 100Ω. The NdFeB magnet is of grade N52 with 1.6mm diameter and height.
F. Assembly
The double-ratchet mechanism is glued perpendicularly to the spring designed before (see Fig. 13 ). The fully assembled bot weights 75mg with mass distribution outlined in Table  I . Note that the stand and legs are big but the rest of the bot is just a centimeter long. The string is attached and wound on the center of the shaft as shown in Fig. 14 . 
G. Starting Torque
Mainly two types of torques need to be overcomed to produce motion -(1) the friction torque arising from the contact between the shaft and the ring, and, (2) the torque to counteract the spring force. 
Sub-component Mass
Electrical parts
Coil 13mg Magnet + moment arm 27mg PV cells 2 × 1mg Structural parts Base-plate + supports 9mg Ratchet tube 9mg Steel spring 2mg Rings + connectors 11mg Stand + feet 2mg Total 75mg
1) To overcome friction:
The spring pulls on the shaft which then pushes against rings 1 & 4 (see Fig. 11 ). The maximum combined contact force occurs when the spring is fully deflected and thus equals F release ⇒ F contact = 7.5mN. Assuming a friction coefficient of µ s = 1, this corresponds to a starting torque of µ s · F contact · r shaft = 7.5µNm. A large friction coefficient is assumed since the hollow shaft is flexible and will deform under the load thus increasing its contact area with the inner perimeter of the rings.
2) To counteract spring force: Work needs to be done in order to deflect the spring and store potential energy into it. At the maximum spring deflection a string tension force of F release acts at a distance of r shaft from the center of the shaft ⇒ a starting torque of F release · r shaft = 7.5µNm.
3) Total: The total estimated starting torque is thus = 15µNm. Experimentally it is found that an applied torque of 17µNm is sufficient to produce motion, which will now determine the minimum coil current needed to produce motion. Using FEA simulations we find the average magnetic field seen by the coil to be B avg ≈ 0.1T. The 8mm long moment arm greatly reduces the force the coil needs to generate to produce 17µNm of torque. F coil (needed) = 17µNm/8mm ≈ 2.1mN = n turns · B avg · I coil · 2πr coil ⇒ I coil ≈ 8mA. Heat loss in the coil at this current value will be I 2 coil R coil = 6.4mW, and the voltage across the coil will be V coil = 0.8V.
III. EXPERIMENTS
A. External power driven bot
The coil is powered using an external function generator and a simple square-wave voltage waveform. We noted that when using V coil = ±0.7V the spring could be deflected almost completely but this voltage wasn't enough to release the magnets. A voltage of V coil = ±0.8V was needed to passively release the magnets and cause the bot to jump. For our 75mg bot, a stored spring energy of 11.25µJ should cause the bot to jump up by 15mm. In practice, however, this jump height is close to 8mm (see Fig. 15(c) ) possibly due to wind resistance, inefficient spring to kinetic energy conversion [5] , and other device non-idealities. The jumping rate or the number of jumps the bot can do in a minute is determined by how fast we can load the spring. Here we operated the actuator at 20Hz which then caused the bot to jump once every 10 seconds while consuming 6.4mW of power. This power is mostly the Joule heat loss in the coil, as the mechanical power required to overcome friction and load the spring is in tens of µWatts. Thus in theory the jumping rate could be increased by an order of magnitude while still consuming the same amount of power. The bot can do multiple successive jumps at this rate of 6 jumps/min without tipping over. We think the elasticity of the 2 external wires powering the coil provides this stability which prevents the bot from falling over.
B. Photovoltaics driven bot
Here the power source we use is a 1mm×1mm infrared PV cell (MH GoPower 5S0101.4-W) that produces current when a 976nm wavelength laser light (MH GoPower LSM-010) is shone on it. The laser intensity is increased till the PV cell outputs ≈ 0.8V while driving a 100Ω load.
We connect 2 PV cells to the coil in opposite polarity as shown in Fig. 16 . Shining the laser on one PV cell makes the current go one way (see Fig. 16(b) ), while shining on the other makes it go the other way (see Fig. 16(c) ). This alternate shining of the laser is done manually to drive the actuator which then loads the spring. The laser used is an infrared laser which is invisible to the naked eye. The white card seen in Fig. 17 is an indicator card that emits green light when struck by the IR laser so that we know where the laser is pointing.
The bot jumps the same amount as before since the extra mass of the 2 PV cells is < 3mg and thus negligible compared to the bot's mass. After launching up from the ground, the bot develops an anti-clockwise angular spin (see Fig. 17 ). This results in the bot tipping over in this direction after landing on the tip of its feet. This falling over could be avoided, say, by further lowering the center-of-mass of the bot and supporting the spring more symmetrically using two stands (at the front and back) instead of one to enable a more spin-less take-off. 
IV. CONCLUSIONS AND FUTURE WORK
The design of this µbot can in principle work with other small-displacement linear actuators as well. The moment arm of the bot can be made longer, or the shaft can be made narrower, to increase leverage and store more spring energy and thus jump higher. Further, adding a horizontal component to the launch velocity can help the bot navigate around. The bot can be made more 'flat' (like a coin) to lower its center-of-mass and to ensure that it lands on either one of its bottom or top faces, and is thus always in the correct position to make the next jump. Instead of pointing the laser manually over the 2 cells, we can add an electronics unit similar to the one in [11] to provide alternating voltage to the coil. This electronics unit can also be used with an onboard power source like a micro-cell or a supercapacitor [11] to enable completely self-sufficient jumps.
